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Silk ﬁber was processed from highly concentrated spinning dope to solid ﬁbers along with water removal. To understand the mechanism of
water removal during silk ﬁber spinning process, a microﬂuidic chip was designed and applied to investigate the structures and mechanical
properties of two kinds of regenerated silk ﬁbroin ﬁbers dry-spun at different relative humidity. The experimental results showed that the
diameters of the ﬁbers spun at 40% RH are always larger than the ﬁbers spun at 50% RH due to different removal rates of water. The ﬁbers spun
at low humidity contain more β-sheet structure and lower degree of chain orientation and crystalline orientation. These results indicate that the
fast phase transition of silk ﬁbroin from sol–gel to silk ﬁber undergoes with rapid water removal and higher ﬁber orientation relates to more
residue water and drawing force.
& 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Water plays a signiﬁcant role in both assembly of silk
protein and formation of silk ﬁber. Silk ﬁbroin heavy chain is
made up of alternate arrays of hydrophilic and hydrophobic
blocks [1]. On one hand, the interactions between water and
hydrophilic blocks make silk protein maintain soluble and
avoid crystallization before spinning process. On the other
hand, the increase of ﬁbroin concentration facilitates the
interactions between hydrophobic blocks and induces the
formation of silk I structure [2]. Rapid removal of water
during the shear and elongational ﬂow results in a liquid–solid
transition [3–5]. The phase transition from silk I structure to
silk II structure is attributed to the removal of water molecules
around the silk chains and the application of shear and
stretching [6]. However, further loss of water after silk ﬁber
exiting spigot has not been studied in detail and usually
considered unnecessary./10.1016/j.pnsc.2015.09.006
15 The Authors. Production and hosting by Elsevier B.V. on behalf
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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nder responsibility of Chinese Materials Research Society.Water also has a signiﬁcant inﬂuence on the crystallization
process of silk ﬁbroin ﬁlm from aqueous solutions. Water
removal above the glass transition temperature Tg promotes the
phase transition from noncrystalline random coils or α-helices
to β-sheet crystals [7,8]. Moreover, the phase transition from
liquid-crystalline to solid ﬁber associates with the loss of
partial water in the spinning dope [9].
Shear and elongational ﬂow is another critical factor in the
ﬁber formation. The spinning ducts of spider and silkworm
are similarly tapered geometry [10]. Although their spinning
dopes were subjected to distinct shear and extensional ﬂow,
the role of ﬂow has been proved to be essential to the silk
protein assembly and ﬁber formation. Recombinant spider silk
protein can only be processed into ﬁber in the presence of
elongational ﬂow [11]. The Rapid extensional ﬂow in the distal
part of spinning duct of silkworm promotes the aggregate of
silk ﬁbroin molecules and formation of silk II structure,
following by the increase of birefringence of silk ﬁbroin [6].
And the shear induces the assembly of silk ﬁbroin and initiates
the formation of ﬁbril [12]. Moreover, the shear forces are
thought to be involved in the formation of liquid crystalline
phase [13].of Chinese Materials Research Society. This is an open access article under the
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cess have shown that the extraordinary properties of silk ﬁber
are controlled by a combination of changes in chemistry and
extrusion conditions [2,14,15]. And the wet spinning makes
use of different solvents and post-spinning drawing to improve
the microstructure and mechanical properties of regenerated
silk ﬁbers [16–18].
Microﬂuidic is a newly advocating technique to fabricate
microﬁbers [19–21]. Our previous work demonstrated the
probability of biomimic spinning using a microﬂuidic chip
from regenerated silk ﬁbroin (RSF) aqueous solutions [22]. In
this study, we fabricated a new microﬂuidic chip with different
geometry, which is designed by mimicking the geometry of
silkworm silk gland and spinning duct. Especially, the role of
water on the formation of RSF ﬁbers was investigated by
studying the effects of RSF concentration and relative humid-
ity (RH) on the structures and properties of RSF ﬁbers.2. Experimental
2.1. Spinning apparatus and ﬁber formation
A dry-spinning apparatus was constructed with a progres-
sively narrowing ﬂuidic channel. Due to the high concentration
of RSF spinning dope, the width of the shear segment of the
microchannel shown in Fig. 1 was enlarged to 270 μm, which
is 5 times as wider as the natural spinning duct [6]. The RSF
solution was introduced through the microﬂuidic channel at a
ﬂow rate of 2 μL min1. The spinning rate was controlled at
3 cm s1. The spinning conditions were kept at (2371) 1C
and constant relative humidity (RH) of 4075%, 5075% or
6075%, respectively. After dehydration in the dry cabinet, as-
spun ﬁbers were stretched at the draw ratios of 4 and 0.9 mm
s1 in 80 (v/v)% ethanol aqueous solution, which changes the
ﬁbroin conformation from random coil/α-helix to β-sheet. In
addition, the post-drawing process induces the orientation of
the β-sheet crystallites, which contributed to the improved
breaking stress of the ﬁber [23]. The post-drawn ﬁbers were
then immersed in the aqueous solution for 2 h at a ﬁxed length
[24]. For sample designation, we use C and R to present
concentration of RSF in the spinning dope and relativeFig. 1. (A) Silk glands of silkworm and (B) a biomimetic micrhumidity, respectively. For example, the ﬁbers spun from
44 wt% RSF spinning dope at 4075% RH was designated as
C44R40, which was post-drawn at a draw ratio of 4. Other
ﬁbers were renamed as C44R50, C47R40, and C47R50
according to the same description.
In Fig. 1B, the microﬂuidic channel is composed of three
segments, including dope store segment (yellow), elongation
segment (without color) and shear segment (blue). The blue
dot at the left of the channel indicates inlet. The elongation
curves were ﬁtted using the second order exponential decay
function (Y¼A(1/(1þexp(BX))þC(1/(1þexp(DX)), A¼238,
B¼6.18E05, C¼588, D¼0.003) [6]. This curve is similar
to the silk gland of silkworm circled in Fig. 1A.
2.2. Spinning dope
Bombyx mori cocoons were ﬁrstly degummed twice using
Na2CO3 solution. Then the dried degummed ﬁbers were
dissolved in a 9.0 M LiBr aqueous solution at 40 1C for 2 h.
The solution was dialyzed afterwards in deionized water for
3 days. When the RSF aqueous solution was concentrated to
20 (w/w) %, CaCl2 aqueous solution of 3 M was added into
the solution to 1.0 mmol/g calcium ion concentration in RSF
solution, which was then concentrated by forced air ﬂow to
38–47 wt%. The purpose of adding CaCl2 is to promote the
RSF conformation transition from random coil/α-helix to
β-sheet and make the RSF solution stable [25,26].
2.3. Mechanical testing
Mechanical properties of the ﬁbers were tested using an
Instron 5565 material testing instrument (Instron Ltd., High
Wyconbe, UK) with a load cell of 2.5 N, at (2471)1C and
(5075) % RH. The extension rate was set to 2 mm min1
with a gauge length of 10 mm. At least 15 measurements for
each sample were performed in the testing. The diameter and
birefringence of the ﬁbers were tested using a BX-51 polariz-
ing microscope (Olympus, Japan) equipped with a U-CTB
Berek compensator. The diameter of the ﬁber was obtained
from more than 10 points distributed along the ﬁber axis in
optical microphotographs.ochannel in (C) a microﬂuidic chip used for ﬁber spinning.
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Fourier Transform Infrared Spectra were recorded with a
Nicolet iN10 MX (Thermo Fisher, USA) with a resolution of
4 cm1 at 25 1C and 50% RH.
Synchrotron radiation wide angle X-ray diffraction (SR-
WAXD) has been widely used to determine the crystallinity
and micro-structure of ﬁbers. WAXD patterns of single silk
ﬁbers were obtained at the BL15U1 beamline at the Shanghai
Synchrotron Radiation Facility (SSRF). The wavelength (λ) of
the X-rays and the sample spot size were 0.07746 nm and
3 2 μm2. FIT2D (V12.077) software was used to process the
data. The full width at half maximum (FWHM) of (002) lattice
plane was used to characterize the chain orientation [27].Fig. 2. Effect of humidity on the formation of silk ﬁber. SEM images of post-treat
respectively.
Fig. 3. Effect of humidity on the formation process of RSF ﬁbers dry-spun throug
transition and (d) diameters of the post-treated ﬁbers varied at 40% RH and 50%3. Results and discussion
RSF concentration used throughout the experiment is high
enough to make sure that it can be spun into ﬁbers in air. It was
found that regenerated silk ﬁber was very sensitive to
humidity. A needle was used to pull out and withdraw a ﬁber
from the solution at the exit of syringe. The ﬁber withdrawn at
40% RH was thicker than that at 60% RH. The ﬁber absorbed
water at a high humidity and a few beads were formed on the
ﬁber. Moreover, the ﬁber fractured promptly because of
shrinkage.
To study the effect of humidity on the ﬁber processing, RSF
as-spun ﬁbers were prepared from the RSF aqueous solutions
using a microﬂuidic chip at 40% RH and 50% RH, respectively.ed RSF ﬁber spun using a microﬂuidic chip at (A) 40% RH and (B) 50% RH,
h a (a) microﬂuidic channel and reeled on a (b) roller. The (c) conformation
RH, respectively.
Fig. 4. Stress–strain curves of post-treated RSF ﬁbers. (a) C44R40, (b) C44R50, (c) C47R40, (d) C47R50.
Table 1
Comparison of tensile properties of post-treated ﬁbers spun at different
humidity and RSF concentration.
Sample Diameter
(μm)
Modulus
(GPa)
Breaking
strain (%)
Breaking
stress (MPa)
Breaking
energy
(kJ kg1)
C44R40 9.071.3 9.471.2 19.374.8 541.3726.1 56.6716.9
C44R50 7.570.8 9.372.4 17.074.7 481.2730.7 43.4715.9
C47R40 6.570.3 9.170.7 14.872.2 484.3734.1 38.478.8
C47R50 5.470.5 10.570.7 12.772.3 492.5745.2 32.577.7
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Fig. 2A and B.
The spinning process of RSF ﬁbers using a microﬂuidic chip
at different humidities was shown in Fig. 3. The spinning dope
ﬂows through the microﬂuidic channel, in which RSF is
subjected to shear and elongation, and then it is reeled on a
roller as shown in Fig. 3b. Fig. 3c exhibits the schematic
diagram of the effect of humidity on the ﬁber formation
process. It was found from Fig. 3d that the diameters of post-
treated RSF ﬁbers change with humidity and RSF concentra-
tion. At least 10 ﬁbers were tested by polarizing microscope
before mechanical testing. The results show that the distribu-
tion of diameters of ﬁbers spun at different humidities
possesses regularity. Diameters of the post-treated ﬁbers spun
at 40% RH are always thicker than those spun at 50% RH
(Fig. 3d). This might be caused by different removal rates of
water at different humidities. At the moment of RSF solution
withdrawn by a needle into air, surface water evaporated
rapidly and internal water could diffuse towards the ﬁber
surface. The removal of water, especially those bounded with
silk ﬁbroin, might facilitate the formation of intra molecular
hydrogen bonds between neighboring RSF molecules. While
at high humidity, water cannot evaporate promptly, remaining
water might block the assembly of neighboring RSF mole-
cules. Otherwise, the reeling force of the ﬁber would intensify
the assembly of silk ﬁbroin as shown in Fig. 3a–c.
The stress–strain curves of post-treated ﬁbers are shown in
Fig. 4. The tensile properties of RSF are listed in Table 1. It
can be seen that the tensile properties of these artiﬁcial ﬁbersare comparable with those of natural B. mori silk [28,29]. The
mechanical properties of degummed silk ﬁber had been
measured under same measurement conditions [22,24]. The
average breaking stress and breaking strain were about
350 MPa and 16%, respectively. In the case of 44% RSF
concentration, low humidity beneﬁts the improvement of the
diameters and tensile properties of the ﬁbers. RSF concentra-
tion also has obvious inﬂuence on the tensile properties of RSF
ﬁbers. Water removal from higher RSF concentration is
hindered by more entangled molecules during ﬁber processing.
Here it is worth pointing that the liberation of water bounded
to protein amide groups, as well as the transition from amide–
water bonds to amide–amide bonds, is induced by heat,
mechanical stress, or chemical environment [30]. In other
words, the water in RSF solution with higher concentration
needs more energy to move out from the ﬁber. Consequently,
if the RSF concentration is very high, the removal of bounded
Fig. 5. FTIR spectra of post-treated RSF ﬁbers in Amide I band.
Table 2
Structures of post-treated RSF ﬁbers spun at different RSF concentrations and
humidity.
Sample Content
of β-
sheet
(%)
Crystallinity (%) Orientation
FTIR WAXD Birefringence index WAXD
(FWHM)
C44R40 38.9 36.5 0.048270.0031 0.48
C44R50 26.7 28.1 0.049870.0030 0.29
C47R40 47.1 29.8 0.043570.0038 0.37
C47R50 34.7 26.6 0.045670.0028 0.20
Degummed silk 43.8 48.6 0.037770.0053 0.14
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the diameters of ﬁbers spun at higher concentration is smaller.
FTIR was often used to characterize the secondary structure
of protein [31], and amide I of silk ﬁbroin was most commonly
analyzed. The region from 1620 cm1 to 1640 cm1 arises
from β-sheet conformation; the region from 1640 cm1 to
1660 cm1 is attributed to random coils and helix conforma-
tion; the region from 1660 cm1 to 1690 cm1 is assigned to
β-turns conformation and the small region from 1690 cm1 to
1700 cm1 associated with hairpin-folded antiparallel β-sheet
conformation [7,32].
FTIR spectra at amide I of the RSF ﬁbers are shown in
Fig. 5. C44R40 and C47R40 ﬁbers exhibit obvious peaks at
about 1627 cm1, which arises from β-sheet conformation.
However, C44R50 and C47R50 ﬁbers show peaks shifted to
around 1640 cm1, corresponding to random coil and helix
conformation. The quantitative analysis of amide I band was
shown in Table 2. Due to the low humidity, water removed
into air quickly from the as-spun ﬁber. Thus, the less residue
water in C44R40 and C47R40 ﬁbers decreased the distanceamong RSF molecules and hence resulted in the formation of
more β-sheet.
The two dimensional WAXD patterns of post-treated ﬁbers
and natural B. mori ﬁbers are shown in Fig. 6A and B. The
X-ray diffraction patterns of post-treated ﬁbers show prominent
equatorial peak of (200) lattice plane and weak halo of
amorphous structure. Although the intensity of (002) lattice
plane is not as strong as that of degummed silk, it still can be
found from the one dimensional WAXD diffractograms of RSF
ﬁbers. The crystallinity was calculated from the deconvolution
results of one dimension diffractograms, as shown in Fig. 6D.
The crystallinity and orientation of the ﬁbers are shown in Table
2. It indicates that the crystallinities of the post-treated ﬁbers spun
at low humidity are higher than those spun at high humidity. It
agrees with the β-sheet content improvement at low humidity as
discussed before. However, the FWHM of (002) lattice plane
together with the birefringence data indicate that the post-treated
ﬁbers spun at higher RH of 50% has higher degree of chain
orientation and crystalline orientation than those spun at lower RH
of 40%. As water removal in the C44R50 and C47R50 is more
difﬁcult than C44R40 and C47R40, the remained water in the
ﬁbers lubricates RSF molecules as plasticizer in the as-spun ﬁber.
Thus RSF molecules and crystallites are easy to move and
rearrange along the drawing direction. Birefringence reﬂects the
total orientation of silk ﬁber coming from the molecular orienta-
tion. The larger birefringence index indicates higher chain orienta-
tion. It should be noted that all RSF ﬁbers exhibit larger
birefringence index than the degummed silk. This indicates that
the chain orientation of RSF ﬁbers post-drawn at a ratio of
4 exceeds those of degummed silk. The higher chain orientation
may be due to high draw ratio and the lower molecular weight of
RSF molecules than natural silk ﬁbroin. Shorter molecular chains
of RSF may have less chain entanglements, thus the larger
movability of the chains lead more chain orientation during post-
drawing process.
WAXD analysis provides orientation information of crystalline
structure. The smaller value of FWHW indicates higher orientation
of crystalline region. Moreover, all RSF ﬁbers exhibit larger
FWHM than the degummed silk, which indicates that the crystal-
line orientation of degummed silk is higher than that of post-drawn
RSF ﬁber. This implies that only drawing force is not sufﬁcient to
induce silk ﬁber with high crystalline orientation. The high
crystalline orientation of degummed silk also relates to ordered
soluble state of silk ﬁbroin in the silk gland (liquid crystal). It
makes the crystallites of natural silk with ﬁne structure and higher
orientation. We speculate that the mechanism of silk ﬁbroin
assembly into ordered state will be a crucial step towards the
reality of high performance artiﬁcial silk ﬁber.
4. Conclusion
The effects of humidity were studied during ﬁber formation
process. Using microﬂuidic dry spinning method, RSF ﬁbers with
extraordinary strength have been prepared successfully. Low
humidity may facilitate the assembly of silk ﬁbroin and high
humidity improves the degree of chain orientation. These results
may help us understand the effect of water on the formation of silk
Fig. 6. WAXD data of drawn ﬁbers. (A) Two dimensional WAXD patterns of post-treated RSF single ﬁbers: (a) C44R40, (b) C44R50, (c) C47R40, (d) C47R50
and (B) degummed B. mori silk; (C) One dimensional WAXD data of post-treated RSF ﬁbers and degummed B. mori silk, which was performed peak
deconvolution in (D).
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together with removal of water promote protein molecules to
assemble and transform into silk ﬁber. Further removal of water
improves the chain orientation and crystalline orientation with the
effect of drawing. We believe that it throws some light on the
molecules assembly process during silk formation and beneﬁts the
preparation of artiﬁcial silk with high performance.Acknowledgments
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